This article reviews the role of free radicals in causing oxidative stress during exercise. High intensity exercise induces oxidative stress and although there is no evidence that this affects sporting performance in the short term, it may have longer term health consequences. The mechanisms of exercise-induced oxidative stress are not well understood. Mitochondria are sometimes considered to be the main source of free radicals, but in vitro studies suggest they may play a more minor role than was first thought. There is a growing acceptance of the importance of haem proteins in inducing oxidative stress. The release of metmyoglobin from damaged muscle is known to cause renal failure in exercise rhabdomyolysis. Furthermore, levels of methaemoglobin increase during high intensity exercise, while levels of antioxidants, such as reduced glutathione, decrease. We suggest that the free-radical-mediated damage caused by the interaction of metmyoglobin and methaemoglobin with peroxides may be an important source of oxidative stress during exercise.
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Introduction: free radicals and oxidative stress
Free radicals, chemical species containing one or more unpaired electrons that are capable of independent existence, are produced in all living cells. Most radicals that occur in vivo either are, or originate from, reactive oxygen species (ROS) or reactive nitrogen species. ROS include oxygenbased free radicals, e.g. superoxide (0;-), hydroxyl (OH'), alkoxyl (RO'), peroxyl (ROO') and hydroperoxyl (ROOH'). Other ROS (e.g. hydrogen peroxide and lipid peroxides) can be converted into free radicals by transition metals, either free in the cell or protein-bound. Reactive nitrogen species include the free radicals nitric oxide (NO') and nitrogen dioxide (NO;) and the potent oxidant peroxynitrite (ONOO-).
Free radicals have the potential to react with a variety of chemical species, making them ideal for a wide range of biological functions in cell signalling (e.g. NO' [l]) and enzymology (e.g. witness the role of protein-bound free radicals in the mechanism of a range of reductases, peroxidases, catalases and oxidases [2]). However, ROS are also inadvertently produced in the body, by a variety of mechanisms [3]. The majority of free radicals produced in vivo are oxidants, which are capable of oxidizing a range of biological molecules, including carbohydrates, amino acids, fatty acids and nucleotides. As it is impossible to prevent all free radical production in vivo, it is not surprising that a range of antioxidant defences have evolved in the body. Both enzymic and non-enzymic antioxidants are present. Antioxidant enzymes include superoxide dismutase, glutathione peroxidase and catalase. The main non-enzymic antioxidants include GSH, vitamin C and vitamin E. The antioxidant defences of the body are usually adequate to prevent substantial tissue damage. However, there is not an excess of antioxidant defences, and an overproduction of free radicals or a drop in the level of the antioxidant defences will lead to an imbalance and cause deleterious effects, a situation known as oxidative stress. There are clear indications that exercise has the potential to increase free radical production and lead to oxidative stress. This review summarizes the evidence in favour of exercise inducing oxidative stress and the possible mechanisms involved [4] . In particular the role of haem iron (in haemoglobin and myoglobin) as a novel inducer and transducer of oxidative stress will be considered.
Possible mechanisms of free radical production during exercise
There is an increase in the release of catecholamine hormones during exercise, the auto-oxidation of which can produce free radicals. Muscle damage subsequent to exercise (e.g. in delayed onset muscle soreness) can cause inflammation and release of superoxide from the neutrophil NADPH oxidase. However, it is usually stated that one of the most important source of ROS during exercise is mitochondrial superoxide production, via side-reactions of flavin or ubisemiquinone (UQH'-) radicals with oxygen [5, 6] UQH'-+ 0, = UQ + 0;-+ H+ Physical exercise increases energy demand to a large extent, and to provide for this oxygen uptake by the body may increase by as much as 15-fold, and oxygen flux through active muscle may increase by approx. 100-fold above the resting values. Consequently, it is argued that a substantial increase in the production of mitochondrial 0,-is inevitable. This argument is flawed on two counts. First, the rate of 0;-production via eqn (1) is linearly dependent on the oxygen tension and this leads to decreased 0;-production [7] as the PO, is decreased (as would be expected in working muscle). Secondly, the steady state of the other substrate in eqn (l), UQH'-, does not increase automatically as the flux through the mitochondrial electron transfer chain increases. In fact decreasing the mitochondrial membrane po-28 l tential (as occurs when muscle mitochondria increase their rate of ATP production) decreases mitochondrial free radical production [7, 8] . This occurs despite a dramatic increase in oxygen consumption rates. It should be noted that the majority of studies showing high rates of mitochondrial superoxide production in vitro are in inhibited mitochondria at supraphysiological PO,, i.e. exactly the opposite conditions to those found in exercising muscle. These in vitro studies do not disprove that mitochondria may be a source of free radicals during exercise. However, in vivo studies need to address this question directly, rather than assuming that more mitochondrial oxygen consumption means more mitochondrial free-radical production.
An alternative mechanism by which exercise may promote free radical production involves ischaemia-reperfusion. Intense exercise is associated with transient tissue hypoxia in several organs (e.g. kidneys and splanchnic region), as blood is shunted away to cover the increased blood supply in active skeletal muscles and the skin. Beside this, during exercise performed at intensities above Pozmax, muscle fibres may undergo relative hypoxia, as oxygen supply cannot match the energy requirements [9] . Re-oxygenation of these tissues occurs after the cessation of exercise, and this can be associated with the production of ROS [4, 9] . One way in which reperfusion could lead to an increased ROS production is through the conversion of xanthine dehydrogenase to xanthine oxidase (XOD). Both xanthine dehydrogenase and XOD catalyse the degradation of hypoxanthine into xanthine, and subsequently into urate. However, only XOD produces 0,-in the final step of this reaction. Production of ROS via this mechanism leads to oxidative stress several hours after exercise, and is not restricted to skeletal muscle [9] . Interestingly, it was shown in a recent study that free radical markers of oxidative stress were reduced significantly in animals and humans after the addition of the XOD inhibitor, allopurinol [lo] . XOD may be more important than mitochondria as a source of exercise-induced free radicals.
Does exercise induce oxidative stress?
In 1978, Dillard et al. [ l l ] were the first to demonstrate that physical exercise can lead to an increase in lipid peroxidation. They observed a 1.8-fold increase in exhaled pentane levels, a possible by-product of oxidative lipid damage, after 60min of cycling at 25-75% of Vo,max.
Since then, an increasing body of evidence has accumulated to support the hypothesis that physical exercise has the potential to increase free radical production and lead to oxidative stress. Measuring free radical production directly is difficult, primarily because of the short life-span of these species. However, although antioxidant supplementation has been shown to decrease exercise-induced oxidative stress in humans [ 11,131, there is no convincing experimental evidence that this is accompanied by an increase in exercise performance in healthy human subjects [32-361. It seems reasonable to assume that if oxidative stress had a major detrimental effect on exercise performance, antioxidant supplementation should have the potential to produce an ergogenic effect. T h e lack of such an effect suggests that exercise-induced oxidative stress has only minor effects on performance in the short term; long-term effects on health should not be so readily dismissed however, given the range of diseases that are associated with enhanced free radical production [4,37]. O n the other hand, the increase in oxidative stress during exercise may signal an increase in antioxidant defences that protects against a wide range of oxidative stresses. Exercise may be good for you, at least when you stop.
Haemoglobin and myoglobin : a new source of exercise-induced oxidative

stress?
Studies in our laboratory have focused on the role of haem proteins in inducing oxidative stress. Haemoglobin and myoglobin have the ability to both generate primary ROS and enhance the reactivity of ROS generated by other pathways
T h e auto-oxidation of oxyhaemoglobin and oxymyoglobin (eqn 2) leads to superoxide formation (eqn 2) and subsequent peroxide formation (eqn 3). Peroxides can react with ferric haem proteins to form two strong oxidants, ferryl (Fe4+=02-) iron and a protein bound free radical (Re+). Eqn (4) provides the basis for the catalytic activity of a range of enzymes [2] involved in the removal of ROS (e.g. catalase), generation of bactericidal oxidants (e.g. neutrophil myeloperoxidase) or biosynthesis (e.g. prostaglandin H synthase). However, these enzymes are designed to control the reactivity of the products in eqn (4) so as to use them only on appropriate substrates. Haemoglobin and myoglobin are not designed for this role and the ferryl iron and free radicals they produce can react with a range of biological materials, most noticeably in initiating lipid peroxidation [38] . T h e clinical importance of these reactions has been reviewed recently [39] .
T h e haemoglobin auto-oxidation rate has an unusual ' bell-shaped' dependence on PO, [40, 41] .
Therefore, in contrast with the mitochondria1 situation, ROS production from haemoglobin can increase with the decrease in capillary and venous blood PO, associated with exercise. We have shown that the combination of eqns (2)- (4) leads to the production of free radicals bound to haemoglobin in healthy human blood [42, 43] . Whether this pathway is a significant source of ROS during high intensity exercise remains to be seen. However, we have recently detected a long-lived increase in ferric haemoglobin following downhill running, that is associated with a decrease in whole blood GSH (Figure 1) . Superoxide production from haemoglobin may increase the ferric haem protein concentration (eqn 2) and deplete erythrocyte antioxidant defences.
The clearest example of haem protein induced free radical damage comes from situations where the haem protein is removed from the environment of its antioxidant defences. In the absence of globin reductase enzymes the concentration of the reactive ferric species increases significantly. This is the case when haemoglobin-based blood substitutes are used extracellularly to improve oxygen delivery to patients [44] . It is particularly true of the disease rhabdomyolysis [45] which can be caused by a number of factors including exercise [46] . In the latter case muscle damage causes myoglobin release into the plasma. T h e myoglobin then accumulates in the kidneys. We have shown in an animal model that the myoglobin is in the ferric state in the kidneys [47] . Here it initiates lipid peroxidation and, in particular, the
Figure I
Exercise effects on GSH and methaemoglobin levels
Changes in blood GSH (hatched bars) and methaemoglobin (black bars) levels following exercise. Six healthy non-smoking male runners completed 20 min of constant downhill running at 75 % Vo,max. Venous blood samples were taken pre-exercise, immediately post-exercise and after 7 and 24 h of recovery. Results are shown as the percentage of the pre-exercise value (fS.E.M.). * denotes a significant difference from pre-exercise value (P < 0.05). binding of the Iiaeni prosthetic group to the polyp e p t i d e back bon e , IYh ether t h ese r e x t i on s occur in exercise that is less clearly detriment;il than that leading to full blo\vn rhabdomyol!.sis remains to be seen.
Conclusion
High intensity exercise induces oxidative stress.
T h e r e is n o e\.idencc that this affects sporting performance in the short term, although it m a y in gene expression, including that of the myosin heavy chain isogenes that encode different types of molecular motors. This, and the differential expression of metabolic genes, results in altered fatigue resistance and power output. The regulation of muscle mass involves autocrine as well as systemic factors. We have cloned the cDNAs of local and systemic isoforms of insulin-like growth factor-I (IGF-I) from exercised muscle. Although different isoforms are derived from the IGF-I gene
